Abstract-Unmanned aerial vehicles (UAVs) have attracted great interest in rapid deployment for both civil and military applications. UAV communication has its own distinctive channel characteristics compared to the widely used cellular or satellite systems. Accurate channel characterization is crucial for the performance optimization and design of efficient UAV communication. However, several challenges exist in UAV channel modeling. For example, the propagation characteristics of UAV channels are under explored for spatial and temporal variations in non-stationary channels. Additionally, airframe shadowing has not yet been investigated for small size rotary UAVs. This paper provides an extensive survey of the measurement methods proposed for UAV channel modeling that use low altitude platforms and discusses various channel characterization efforts. We also review from a contemporary perspective of UAV channel modeling approaches, and outline future research challenges in this domain.
I. INTRODUCTION

U
NMANNED aerial vehicle (UAV) communication has seen dramatic development in a variety of applications. Most of these applications deploy UAVs as low altitude platforms. In order to ensure safety and high reliability, it is of utmost importance to thoroughly characterize communication channels. Many research organizations and standardization bodies have worked together to establish pragmatic UAV frameworks. For example, in 2013, the special committee (SC-228) Commission for Aeronautics (RTCA) to frame minimum performance standards for UAV operations [1] . RTCA has also established the drone advisory committee in 2016
Manuscript received November 25, 2017 to ensure the safe introduction of UAVs into the U.S. national airspace system [2] . Also, the National Aeronautics and Space Administration (NASA) and Federal Aviation Administration (FAA) have launched a joint research initiative to integrate UAVs into a national aerospace system across the United States [3] . The most unique features that distinguish UAV communication and characteristics from conventional communication include: a) the highly dynamic communication channels characteristics for air-to-ground (AG) and air-to-air (AA) propagations due to UAV velocity; b) the excessive spatial and temporal variations induced in the non-stationary channels due to the mobility of both the aerial base station and the ground operators; c) airframe shadowing caused by the structural design and rotation of the UAV.
In the diverse propagation environment where UAVs operate, these features become more challenging. The main difference between UAV communications with aerial base stations deployed in 3D space and conventional cellular communications with fixed base stations in 2D plane is that the aerial base station movement can proliferate problems with coverage and connectivity by inducing severe non-stationarity. UAV can also be a viable solution to a wireless recovery network in cases of terrestrial disruption. Also, compared with satellite communication, UAV is cost-effective, having lower latency and better signal-to-noise ratio. Propagation characteristics for terrestrial cellular systems are often corroborated using wellestablished empirical and analytical models. The satellite links for land mobile systems have also been thoroughly investigated in [4] and [5] . However, for different system structures and operations, these models are often not well suited for characterizing UAV channels. To this end, UAV communication is still in its infancy and no well-established standard has been proposed.
Reliable analytical models are necessary to evaluate the performances of different wireless techniques. Generally, for AG channels in UAV communication, modeling approaches can be classified into three categories. The first approach is to develop deterministic models using environmental parameters. Such models are useful for studying large-scale fading effects in the channel [6] , [7] . Hence the propagation conditions [8] , [9] can provide coverage analysis and indicate the optimal UAV position [10] - [12] . The second approach is to develop a tapped delay line (TDL) model to characterize the direct path as well as the multipath components. Then wideband frequency-selective parameters can be derived from the channel impulse response [13] - [15] . This approach is particularly important if non-stationarity exists in the AG channel. Finally, geometric-based stochastic models are desirable for evaluating spatial-temporal characteristics in a geometric simulation environment. This approach is preferable for characterizing the AG channel in a 3D plane with less environmental parameters [16] - [21] .
However, empirical studies are essential to authenticate or disprove theoretical models. Practically the choice of aerial platform in terms of its altitude has presented some opportunities and challenges. High altitude UAVs are capable of operating in the upper layer of the stratosphere [22] where the coverage performance is completely dependent on lineof-sight (LOS) propagation, and marginally relies on the elevation angle. Atmospheric effects and propagation delay are bottlenecks in their modeling, but high altitude platforms can expand the UAVs coverage and provide a generic communication framework of aerial heterogeneous networks. In contrast, for low altitude platforms, the deployment of commercial UAVs are limited by civil aviation regulations [23] . For instance, a maximum limit of 120 m is permitted by the FAA in USA [24] and the Civil Aviation Safety Authority (CASA) in Australia [25] . This altitude range is feasible for power-limited UAVs to meet the quality-of-service requirements of end-users confined within the small cells. In this case, optimum placement of the UAV and the characteristics of the environment determine the major channel parameters. However, the power consumption and endurance time of UAVs are the performance limitation factors for both cases. Most of the work reported in [26] - [40] , are pertinent to AG channel characterization based on measurements with manned aircrafts at high altitude platform. However, these findings cannot be directly applied to single-hop UAV networks deployed at low altitude due to the demand for a high data rate, low latency and continuous connectivity. It is evident from the studies in [41] - [68] that the impact of the UAV placement and the surrounding environments is significant for the propagation characteristics of UAV communications due to time and frequency selectivity in the dynamic UAV channels and can lead to fading. However, less research efforts have been made to tackle shadowing induced in AG and AA channels by the UAV's structural design and maneuvering. In addition, the wide-sense stationary uncorrelated scattering (WSSUS) assumption may be violated in some UAV-aided applications. Thus, in order to avoid over exaggerated performance evaluation from analytical and empirical channel models, it is important to estimate the fading statistics within stationary intervals. Unlike the AG channel, the AA propagation channel is predominantly important in multi-hop UAV networks for sensing and coordination applications, and for back-haul wireless connectivity to complement existing communication systems. Moreover, the propagation characteristics of AA channels are similar to that in free space and largely dependent on strong LOS conditions and ground reflection effects. In the literature, the AA propagation channel has been empirically characterized using low power radios based on the IEEE 802.15.4 [54] - [56] and IEEE 802.11 standards [57] , [59] . But these studies only reported large-scale fading statistics, while the impact of antenna orientation and the Doppler spectrum of the AA channel are largely unstudied.
Despite the importance of channel modeling in UAV communications, very few survey studies are available in the literature. For instance, reference [69] identified key issues related to the formation of multi-UAV network, but this survey focuses more on the communications and especially the control of the UAV. Aerial networking characteristics and requirements were reviewed in [70] for civil applications, however, this survey mainly discussed the communications aspects of UAVs, in particularly network layer designs. Both [69] and [70] barely touch on channel modeling. On the other hand, the physical layer characterization of the AG channel at the L and C bands was comprehensively reviewed in [71] . However, practical measurements reported in this paper were mainly for aeronautical communications and land mobile satellite systems in the L and C bands. In contrast, our survey review current advances in UAV channel characterization.
The rest of the paper is organized as follows. In Section II, we review the measurement techniques proposed for UAVs as low altitude platforms. The characterization of AA and AG propagation using empirical channel models are discussed in Section III. In Section IV, we categorize the analytical UAV channel models as deterministic, stochastic, and geometrybased. In Section V, we highlight some important issues pertinent to airframe shadowing, non-stationary channels, and applicability of diversity techniques in UAV communications. In Section VI, we discuss future research challenges for UAV measurements and channel modeling.
II. MEASUREMENT CAMPAIGNS
The actual behavior of the propagation channel can be better understood via field measurements. UAV channel characterization mainly depends on the operational environment, propagation scenario (AG or AA), channel sounding process, antenna orientation, placement and flight dynamics.
In the literature, most of the measurement campaigns have been conducted using two types of aerial vehicles. The first type are small and medium sized manned aircraft. For instance, in [13] - [15] , a S-3B Viking aircraft was used to comprehend the AG channel characteristics at the L and C bands in different environments. In [31] , a Cessna-172S aircraft was used to evaluate the performance of a 4 × 4 multi-input multi-output (MIMO) enabled orthogonal frequency-division multiplexing (OFDM) system for the AG channel. In [32] and [33] , a UH-1H military helicopter was used to study the AG channel in a 4 × 2 MIMO configuration to achieve the diversity gain and to mitigate inter-symbol interference in frequencyselective channels. In [34] , a news-reporting helicopter was used to attain spatial multiplexing gain and throughput for airborne communication in 2 × 2 MIMO settings. The logistics involved in the measurement campaigns using manned aircraft are expensive and daunting. Therefore, the second type of aerial vehicles, i.e., UAVs are preferable to reduce the cost. In this case, the UAV payload is often integrated with an on-board processor to control flight dynamics and wireless equipment to collect data. In addition, the experimental setup also contains antennas to radiate and receive radio frequency (RF) signals, global positioning system (GPS) system to record telemetry data, and a inertial measurement unit (IMU) to measure flight dynamics such as pitch, yaw and roll angles. In the rest of the paper, we mainly focus on measurement campaigns using UAVs.
A. Narrowband and Wideband Channel Sounder 1) Narrowband Measurement Systems: These systems evaluate the Doppler frequency shift and the channel gain experienced by narrowband continuous wave (CW) signals using a channel sounder that generates pilot tones at a single carrier frequency. Examples of narrowband measurement campaigns for characterizing the AG propagation channels in aeronautical communications for the very high frequency (VHF) band are given in [35] and [36] , for L band in [37] and for higher frequency (HF) band in [38] .
In [41] , the measurement campaign was performed in an urban area of Prague, Czech Republic, using a 2 GHz CW transmitter with a bandwidth of 12.5 kHz. The airship UAV flew between 100 to 170 m above the ground level at a low elevation angle between 1 • to 6 • . The authors have statistically characterized the AG channel which fits between a purely terrestrial link and a land mobile satellite system. They have also presented a narrowband channel estimator capable of replicating the signal dynamics. Some related measurement campaigns were conducted with similar equipment in Prague for a path loss model in an urban area [42] with a flight altitude between 150 to 300 m. Further, measurements in [43] and [44] were obtained in urban and wooded areas, respectively, to study space diversity techniques.
In [45] , field experiments were performed in suburban Madrid, Spain, at frequency band of 5.76 GHz for narrowband measurements. The UAV flew at an altitude between 0 to 50 m for the vertical flight test in ascending and descending directions and covered a distance of 210 m for a horizontal test at altitudes of 20 m and 30 m in two different zones. The authors have investigated large-scale fading effects in the UAV propagation channel and computed path loss exponent for both vertical and horizontal directions using the dual slope and the log-distance path loss models, respectively. They found that, during the vertical flight, the attenuation decreased below the breakpoint distance and then increased with UAV altitude. Whereas, the attenuation increased exponentially with the horizontal flight direction.
These works have studied AG propagation for variations in channel gain with respect to the elevation angle using the Loo model in [41] and the impact of UAV during the course of vertical and horizontal flight routes on fast fading of Rician distribution in [45] . However, channel features were not addressed with regard to the geographical environment, such as density and shape of surrounding scatters. Also, the Doppler behavior of the AG channel was not investigated, which is the key parameter that may differentiate UAV channels from the conventional wireless channel. Therefore, more measurements are required for characterizing the AG propagation with the environmental effects and the maneuvering of UAVs. Moreover, these campaigns conducted with narrowband measurement systems which are only appropriate for computing frequency non-selective fading parameters, as they lack the temporal resolution needed to distinguish closely arriving paths and hence, may not be suitable in a rich multipath environment.
2) Wideband Measurement Systems: These systems determine the channel impulse response (or transfer function) and frequency-selective parameters, such as delay spread. In addition, the power delay profile is acquired from the collection of channel impulse responses to determine the fading statistics for an in-depth insight into the average power carried by the multipath components with a certain delay and the available frequency diversity. As a result, different transmission schemes can be tested to combat small-scale fading in UAV channels. Wideband channel measurements for characterizing the aeronautical propagation channels are mostly conducted with a spread spectrum channel sounder. One such type is the correlative channel sounder, where a pseudonoise (PN) sequence is transmitted as the channel sounding signal, and the received signalis then correlated at the receiver with the same PN sequence. As a result, fading statistics for the time-invariant channel can be captured from the output of the receiver correlator by performing a convolution between the PN sequence and the channel impulse response. This process isusually performed off-line using computational resources. From the perspective of aeronautical communication, a correlative channel sounder was used in [39] and [40] for measuring multipatheffects. In the context of characterizing the UAV propagation channel, the wideband frequency-selective parameters are often measured using the universal software radio peripheral (USRP) hardware platform, for instance, as in [45] , [46] , and [48] . This platform provides more flexibility in terms of low-power consumption and multiple frequency bands.
In [45] , the wideband measurement campaign was performed with the channel sounding signal generated by a LTE base station at a frequency of 1.817 GHz. In this work, the small-scale variations in the UAV propagation channel was characterized with the measured channel impulse response, the estimated delay spread and power delay profile. The authors have analyzed the fading statistics, and consequently qualitative performance of the AG propagation using the empirical cumulative distribution function (CDF). They found a random behavior of the multipath components at different UAV altitudes. However, comparison analysis of empirical CDF with the fading channel distributions was not performed. Therefore, this work was extended in [46] to a propose channel modeling approach based on a machine learning and estimated channel parameters with regard to the environment. The Rician K factor was evaluated as a piece-wise function of altitude. However, the Doppler spread was not estimated due to low airspeed of the UAV.
In [47] , the measurement campaign was conducted for open and suburban spaces on the campus of Florida International University using an ultra-wideband (UWB) channel sounding radio. In the first scenario, the receiver was placed under the tree canopy at 1.5 m above the ground. In the second scenario, the receiver was placed at the same height with clear LOS to the transmitter. In the third scenario, the receiver was lowered to 7 cm from the ground in a LOS condition. For all these three receiver settings, the UAV transmitter was raised from 4 m to 16 m above ground with a step size of 4 m. In this work, the authors have characterized the AG propagation channel. They proposed the empirical path loss model for both static and mobile UAVs. They found the worst path loss attenuation for the mobile UAV in the first scenario, whereas, the best for the static UAV in the second scenario. They characterized the fading channel as Nakagami-m distributed and a presented multipath propagation model.
In [48] , the measurement campaign was performed in both a residential area and a mountainous desert landscape in Arizona, USA. The software defined radio (SDR) platform was tuned to 5.8 GHz. The authors have characterized the frequency-selectivity of the AG propagation by the average and RMS delay spread of the channel. Also, the timeselectivity in terms of the Doppler power spectrum was calculated by summing the entire range of the scattering function delay. They analyzed the channel statistics with the CDF and found that the desert terrain caused substantial delay spread in the AG propagation compared to the residential area. Moreover, CDF analysis followed a log-normal trend for the RMS Doppler spread. However, this work studied the variations in the channel due to time and frequency selectivity effects, and did not provide an empirical model for fading channel distributions.
These studies have characterized the AG channel for smallscale variations in hovering and mobility of the UAV in space, but did not take into account ground reflected multipath components during the landing and take-off phases. In addition, these works ignored the non-stationarity of the AG channel while estimating the fading statistics. Therefore, future wideband measurements should address these challenges for the accurate characterization of the UAV propagation channel. Due to their better multipath resolution, wideband measurements are more desirable for acquiring both time and frequency-selective fading parameters. However, additional computational capabilities are required to process the raw data collected from the measurements. Therefore, this type of measurement system may not be suitable for real-time characterization of the fading channel parameters. Also, the cost and physical dimensions of wideband channel sounding equipment are constraints that need to be considered.
B. IEEE 802.11 Based UAV Measurements
UAV channel characterization using commercial off-theshelf 802.11 radios are desirable due to their low power consumption, cost effectiveness and flexibility to be integrated with small size UAVs. Furthermore, these radios are mostly utilized to form single-hop and multi-hop UAV networks. For these reasons, single-hop UAV networks are usually desirable for characterizing the propagation channel between a single UAV and the ground station or between two UAVs. On the other hand, multi-hop UAV networks are preferable for studying inter-UAV communication either in mesh or star topologies controlled by the ground station. However, the performances of such radios are prone to interference and background noise. Fixed narrowband frequency and limited communication range are other constraints affecting the evaluation of fading channel parameters. Channel characterization efforts reported in the literature for multi-hop UAV networks were based on IEEE 802.11 in [49] - [53] and also IEEE 802.15.4 ZigBee devices in [54] - [56] . In this section we mainly review the measurement campaigns relevant to 802.11 radios for single-hop UAV networks. Section III will highlight the empirical relevance of multi-hop UAV networks from the perspective of both the AA and AG channel modeling.
In [57] , the measurement campaign was performed in the laboratory and outdoor environments to study, in particular, the altitude-dependent multipath propagation in the AA channel. The measurements were collected with 802.11 a/b/g/n WLAN devices from two different vendors and deployed in three outdoor scenarios using a hexacopter UAV. In the first scenario, the impact of flight distance followed a free space path loss model. In the second scenario, yaw angle was considered with a good signal reception attained between 170 • -230 • and the worst signal for an angle of 240 • -260 • . Finally, the effect of the ground reflected multipath components on UAV altitude was examined for a flight altitude between 10 to 40 m and the height-dependent Rician model was proposed with a K factor reliant on the UAV altitude.
In [58] , the measurement campaign was performed for both an open area and a campus environment using a quadcopter UAV and an access point (AP) connected with a 802.11a WLAN interface at a frequency of 5.240 GHz, where the UAV flight altitude varied between 20 and 120 m. Two vertically polarized omni-directional antennas were mounted on both UAV and AP. This study analyzed the impact of flight dynamics and antenna orientation on the AG propagation channel and found that the optimal antenna orientation can alleviate the impact of UAV hovering and mobility on received signal strength and throughput. On one hand, horizontally aligned antennas reduced the effect of UAV yaw difference due to improved antenna alignment gain. On the other hand, vertically aligned antenna handled the impact of UAV acceleration and deceleration against the tilting. Furthermore, they also found that the propagation condition followed that of free space for an open field. This work was extended in [59] using the 802.11a (5.240 GHz) standard to study the network performance and fading channel statistics for AA and AG propagations. Measurements were collected with three horizontally aligned dipole antennas at a flight altitudes between 15 and 110 m. The authors observed that for both AG and AA channels, the path loss exponent computed by the logdistance model matched roughly with that of free space propagation. The Nakagami-m distribution was found to be a good fit for a multipath fading channel in AG propagation. Furthermore, the quality of UAV channels in terms of throughput variations over distance intervals was analyzed using the inter-arrival time of packet and retransmission attempts. As a result, inter-arrival time was under 1 ms for all distances. The number of retransmissions required for distances between 300 to 400 m were not more than 85% for most of the time.
In [60] , the measurement campaign was conducted at a private airfield in Connecticut, USA, using a 802.11a radio mounted on a fixed-wing UAV. The UAV flew at approximately 64 km/h and maintained an altitude of roughly 46 m over the ground receiver nodes. The authors evaluated the throughput and reported the highest rates were with a horizontal dipole, orthogonal to flight direction and parallel to the ground. In addition, they also estimated that the path loss roughly followed that of free space propagation. A related measurement campaign was performed in [61] using 2.4 GHz 802.11g and 5.8 GHz 802.11a devices. In this case, the authors computed the maximum range attained with a 802.11a radio and compared this with 802.11g. They found that a 802.11g node can provide robust communication at an altitude of approximately 183 m. In this work, another experimental trial was conducted with a 900 MHz 802.11 radio to determine the communication range performances in comparison to 802.11a/b/g. They found a significant communication range of up to 2000 m with throughput in Mbps by analyzing the slope of a linear regression applied to the received signal strength. In [67] , the measurement campaign was performed in a farmland area surrounded by woods. In this work, AG channel characterization was determined in terms of network level diversity gain, and they found a significant enhancement in packet transmission rate by using multiple receivers.
These studies have mostly focused on measuring the attenuation of the received signal strength and throughput of the AG propagation using omni-directional antennas. It is evident from these campaigns that IEEE 802.11 low-power radios can provide opportunities for characterizing UAV propagation channels that have novel designs. Different types, orientations and placements of antenna on UAVs can be studied. Moreover, these radios are preferable for estimating the bit error rate performance and latency in UAV networking. However, analysis of spatial and temporal variations was not comprehensively studied in these works due to a lack of frequency resolution. Also, in a complex communications environment where UAV operates, interference from other 802.11 equipment can be challenging. In this case, one possible solution is to optimize altitude and inter-UAV distance to attain high signal-tointerference-plus-noise ratio (SINR) in the physical layer for a short period of time. Otherwise, interference management techniques may be needed.
C. Cellular-Connected UAV Measurements
Cellular networks can be considered as a prospective candidate to facilitate UAV applications in civil and commercial domains. The widely deployed cellular infrastructure can be utilized to provide reliable AG channels, and hence cut the cost of investing additional ground infrastructure and spectrum allocation. However, since cellular-connected UAVs depend on the cellular network and cellular infrastructure which can collapse due to a natural disaster, a viable fail-safe mechanism is needed. Other challenges, such as down-tilted base station antennas, neighboring cell interference, handover performance, multiple access, UAV mobility and link security, also need to be addressed thoroughly before the widespread implementation of a UAV network connected to the cellular networks. This has motivated several mobile operators, telecommunication vendors and research organizations to further scrutinize the propagation channel characteristics between a cellular base station and UAV. For example, Qualcomm Technologies has launched field measurements in San Diego, California, to assess the LTE network performance in a low altitude platform using a quadcopter UAV [72] . In another example [73] , Ericsson and China Mobile have conducted measurement trials in China's Jiangsu province to develop a 5G prototype enabled by drone UAVs. However, these studies mainly focused on network planning and did not present any findings on the channel modeling.
In [62] , a measurement campaign was launched in urban and rural scenarios in Germany to characterize the propagation channel between UAV and a cellular base station, using 900 MHz GSM network and 1.9-2.2 GHz UMTS services. Field measurements were carried out with a fixed-wing UAV and a captive balloon at altitudes up to 500 m. This work evaluated the overall RF coverage in terms of received signal strength for aerial users from the various ground base stations during the handover with regards to UAV altitude. To this end, the authors proposed an altitude-dependent channel model with the assumption that the attenuation was independent of frequency and distance. It was found that the handover rate decreases due to signal degradation at UAV altitudes above 500 m and consequently the availability of base stations decreases. To conclude, a good RF coverage was achieved for UAV altitudes upto 500 m in a rural environment. It was less due to ground obstacles than in an urban terrain.
In [63] and [74] , measurement campaigns were launched under the SAAS project (remote piloted semi-autonomous aerial surveillance system using terrestrial wireless networks) in an urban environment of Lisbon, Portugal to investigate the applicability of terrestrial cellular networks in UAV communication. In [63] , the field trials were performed at GSM, UMTS and LTE cellular bands using a spectrum analyzer and an antenna on a meteorological balloon, deployed as the UAV platform. In this work, an empirical model was obtained for path loss attenuation in an outdoor urban scenario. The worst case scenario was reported due to the radiation pattern of the down-tilted base station antenna for a UAV altitude between 5 to 7 m. Also, the distance in 3D space and the cellular frequency were the other performance degrading factors. However, handover analysis was not studied in this scenario. Additionally, reference [74] presented a multi-UAV network architecture based on cellular and IP networks. They have assessed the network level performance with quality-ofservice measurements in terms of latency and jitter. In this case, the LTE network provides the best performance without relaying, and EDGE performs worst due to the relay between the UAVs and different base stations within the proposed architecture.
In [64] , the measurements campaign was performed in a rural environment with 800 MHz LTE networks and two different cellular service providers in Denmark. The authors found considerable reduction in path loss component and shadowing variation as the UAV altitude increased. Therefore, their findings show that the UAV propagation channel requires altitude-dependent parameters for channel modeling. In contrast, [65] proposed an angle-dependent channel model to characterize propagation between the cellular base station and the UAV airborne platform. However, these studies have ignored connectivity disruption issues occurred in the UAVcellular systems due to diffraction losses and nulls in the radiation pattern of the base station's antenna. Therefore, in [66] , the measurement campaign was conducted for an open area and a mock village in California, USA, with a 909 MHz cellular band. In this work, the authors proposed the compositional path loss model to account for two-ray ground reflection propagation and diffraction losses. They also identified low coverage zones in cellular-connected UAV networks for beyond LOS operations, and named this phenomena "holes in the sky". These holes produce unexpected coverage in the connectivity-reliant UAVs and could span from 10 m to 100 m in the coverage radius. They pointed out that the primary causes were interference caused by two-ray ground reflection, diffraction losses incurred by the Fresnel zone of the propagation path, and nulls in the antenna radiation pattern. Therefore, this study concluded that for the en-route UAV, the real-time estimation of the propagation conditions based on the geometrical information of the environment could mitigate glitches in the coverage zones of the cellular-connected UAV networks.
These measurement campaigns have mainly studied the performance of the cellular-enabled UAV network with regard to path loss attenuation. However, they did not consider the consequence of co-channel interference and did not provide in-depth handover analysis. Furthermore, the characterization of AG propagation with respect to small-scale variations and fading channel distributions were mostly overlooked. Cellular networks are not designed to provide AG propagation above the base station height due to the down-tilted sector antennas which can hinder wireless connectivity and cause significant reduction in reliability and capacity for aerial users. Therefore, optimum placement of the UAV in space and 3D features of the base station's antenna radiation patterns should be taken into consideration for channel modeling and network planning of UAV-enabled cellular systems. Also, UAV applications such as search and rescue services and disaster management may suffer from infrastructure failure. In this case, aerial heterogeneous networks can be a promising fail-safe framework for enabling coexistence between terrestrial communication networks and satellite systems. In addition, multi-tier UAVcellular networks as suggested in [75] , can be a viable solution for avoiding traffic congestion and to restore communication services in disaster areas.
In this section, we have reviewed the measurement campaigns using UAVs as low altitude platforms. However, in these cases, channel characteristics are mostly studied with hovering or mobile UAVs and static ground users. As a result, channel dynamics may change slowly with approximately constant statistics. Also, measurement scenarios are limited to urban, suburban and rural environment with better propagation conditions. Therefore, more measurement campaigns are required in more diverse scenarios, such as metropolitan areas with skyscrapers and over water bodies. In Table I , we summarize the aforementioned measurement campaigns.
III. EMPIRICAL CHANNEL MODELS FROM MEASUREMENT CAMPAIGNS
Channel parameters can change frequently with time and space due to the cruising capability of UAVs. Many measurement campaigns have been performed to corroborate connections between channel parameters and experimental setups. Despite of all these efforts, there are no unified answers, and conclusions still need to be established using reliable channel models. In this section we review the empirical models that characterize AA and AG propagation channels.
A. Air-to-Air (AA) Channel Characterization
The AA propagation channel is an important aspect of inter-UAV communications and can be exploited in applications, such as aerial wireless sensor networks [56] , multi-UAV networks or UAV swarms [69] , flying ad-hoc networks [76] and wireless back-haul connections using emerging technologies [77] , [78] . In all these application, characteristics of the AA propagation depend mostly on the environmental conditions, UAV flight direction, LOS alignment, relative velocities and ground reflections. Very few empirical studies have been conducted to characterize AA channels. For instance, in [54] - [56] , the AA channel was shown to be better than the AG channel in terms of path loss exponent (PLE). Allred et al. [54] found that the ground-to-ground (GG) channel performed poorly with a PLE of 3.57, while PLE for AA and AG channels were estimated to be 1.92 and 2.13, respectively. Similarly, in [55] , the PLE was estimated from the log-distance propagation model as 0.93 and 1.50 for AA and AG propagation, respectively. On the other hand, Ahmed et al. [56] have observed that the received signal strength for AG, AA and ground-to-air (GA) propagation improves with extended UAV altitude and deteriorates as UAV distance increases. They observed that the AA channel followed two-ray propagation with a PLE of 2.05. Whereas, the presence of communication gray zones leads to asymmetry in AG and GA channels and PLEs of 2.32 and 2.51, respectively.
Aerial link characterization has been conducted in [57] and [59] using a IEEE 802.11 radio. In [57] , the impact of the UAV altitude on AA propagation was investigated for large-scale variations and small-scale fading distribution. In this study, path loss was determined by the Friis equation with a PLE of 2.6 and a fading channel distribution that fits with the height-dependent Rician factor K. In [59] , a log-distance model was used to analyze the path loss for vertical and horizontal distances. In this work, the minimum mean squared error (MMSE) method was utilized to compute PLEs of 2.03 and 2.01 for the AA and AG channels, respectively.
Although UAVs are placed in a 3D environment in real multi-UAV applications, the existing studies only considered the behavior of the AA propagation in a 2D plane. Moreover, these campaigns were conducted for short-range communication in an interference-limited environment. The impact of the frequency variance due to Doppler shift on the capacity and reliability of AA propagation is still unexplored. The AA channel characterization highlights that the propagation conditions are highly time-varying due to variations in the communication distance, altitude and UAV mobility. Also, significant attenuation occurs outside the LOS condition and under this scenario it may be difficult to maintain continuous connectivity for long range communication. Therefore, these open research issues need to be addressed to improve scalability and adaptability of the AA propagation channel in multi-UAV systems. Large-scale fading statistics of the AA channel are summarized in Table II .
B. Air-to-Ground (AG) Channel Characterization 1) Large-Scale Fading Statistics:
Most of the AG channel measurements focus on large-scale statistics such as path loss and shadowing. For the urban environment in [42] , the measured results showed that the path loss follows a distanceindependent trend and is significantly affected by a low elevation angle. For the suburban environment in [45] , the impact of UAV altitude and distance on the path loss was analyzed. For a vertical UAV en-route, a simplified dual slope path loss model was considered and it was found that the PLE is negative below a breakpoint altitude because of a partially cleared first Fresnel zone. When the UAV altitude increases above the breakpoint level the path loss is similar to free space propagation because the first Fresnel zone was cleared. In [47] , the effect of UAV altitude and the optimal placement of the ground receiver for path loss was stochastically modeled for both static and mobile UAVs in both open field and suburban scenarios. Foliage losses and Doppler frequency shift were taken into account. In addition, shadow fading was modeled with a zero-mean Gaussian distribution and analyzed using a PDF. A further empirical study was conducted in [49] , to evaluate the influence of distance on path loss attenuation, and found degraded performance of the AG channel due to detrimental effect of interference from the 802.11 devices operating in the surrounding test area. Moreover, in [50] , received signal strength declined with the distance and followed the Friis channel model. In [51] , the AG propagation channel in the single-hop UAV system followed the log-distance model, where higher throughput was attained over longer distance.
For an open field and a campus environment in [58] , path loss was evaluated with the free space model. In [60] and [61] , PLE was estimated using linear regression. In [62] , distance and frequency independent empirical path loss model was proposed for urban and rural terrains, where the altitude of aerial mobile station was accounted as the key parameter. In contrast, the empirical propagation model in [63] suggested that path loss model is dependent on the distance in 3D plane and the operating frequency. In this case, other modeling parameters, such as the UAV altitude and the tilt angle of base station sector antenna, were also considered. The altitudedependent path loss model was proposed in [64] , where path loss and shadow fading decreased as the UAV altitude increased from 15 to 120 m and at about 100 m the propagation condition matched with that of free space. Conversely, in [65] , the angle-dependent AG propagation channel model was presented, which encompasses excess path loss attenuation and shadow fading model. In this work, the model parameters are dependent on the angle between cellular base station and airborne UAV. In [66] , the combinational model was developed to determine the low coverage zones in the cellular-connected UAV network. This model identified causes, such as two-ray ground reflections, diffraction losses and nulls in antenna radiation pattern as the predominant factors for path loss. The analytical path loss model was used in [72] to evaluate the performance of LTE network with UAV platform, where most of the path loss samples computed by measurements were lumped between the reference PLE of 2.0 and 4.0.
Path loss and shadowing statistics for the AG propagation channel presented in this section demonstrated that the UAV flight dynamics, such as the altitude, distance and elevation angle, are the dominant contributors for the large-scale fading. Therefore, the development of realistic UAV propagation model requires these parameters be considered in 3D coordinates. Also, considerable attention is needed for characterizing antenna design and orientations, as this will further improve UAV communications. In Table III , we summarize the large-scale fading statistics for the AG channel.
2) Small-Scale Fading Statistics: Fading amplitude statistics are important for the analysis of the small-scale variations in multipath propagation using the first order statistics, such as cumulative distribution function (CDF) and probability density function (PDF), to study the random behavior of fading channels. Also, second order statistics, such as level crossing rate (LCR), average fade duration (AFD) and fade depth (FD) , are useful to analyze the severity of fading due to the spatial-temporal variations. In this subsection, several commonly used models for UAV communication small-scale fading distributions are discussed.
Loo Model: is a composite channel model which accounts for Rician and Log-normal distributions. To this end, LOS component is modeled by the log-normal distribution and multipath components usually tends to follow the Rician model. In [41] , the fading statistics were studied for the narrowband AG propagation channel in urban areas using the Loo model. In this case, the statistical analysis of CDF found that the empirical data fits with the simulated time series.
Rayleigh Model: is well known in scattering environment. This scenario was theoretically tested for cooperative relay based UAV systems in [79] . Also, analytical study in [80] suggested that multiple-access GA channel can be modeled with the Rayleigh distribution for the UAV heading. Furthermore, the study in [39] found that the CDF of the AG propagation fading channel follows Rayleigh distribution for the field measurements with large elevation angles in a mixed-urban environment.
Rician Model: is used to approximate the fluctuations in the fading channel with LOS. In the literature, this case is appropriate for the high altitude platform in [13] - [15] , [26] , [29] , and [39] and for the scattered multipath environments in the low altitude platform in [45] , [46] , and [57] . For the Rician channel, the Rician K factor is a quantitative parameter to measure the severity of the multipath fading. In [45] , the variations in the received signal amplitude for the AG propagation was found as K = 5.29 dB for ascending and descending directions of the UAV altitude and K up to 19.14 dB for horizontal flight trials in two different zones at the altitudes of 20 m and 30 m. On one hand, for the AG propagation, [46] proposed Rician K as a piecewise function of the altitude with a break-point of 16 m. On the other hand, the AA channel characterization in [57] , studied the influence of the altitude-dependent Rician K due to scattered ground reflections and found that, as UAV elevated from 10 m to 40 m, the value of K increases from 3.533 to 10.048 dB. This work indicated that the impact of the ground reflected multipath fading reduces with increasing UAV altitude. Theoretical implication of Rician fading channels was found in [17] to improve MIMO gain for AG propagation in a hilly rural scenario and in [81] , when combined with two-state Markov model to capture channel non-stationarity.
Nakagami-m and Weibull Fading Models: are appropriate for characterizing the UAV fading channels intended for high altitude applications [79] . Rayleigh channel distribution is a special case of Nakagami-m. In [47] , magnitudes of individual multipath components were collected for different time delay bins and modeled by the Nakagami-m distribution. In this case, mean and standard deviation of the m parameter were empirically estimated. As a result, the mean was found to be small for both open and suburban areas under the influence of vegetation, and large variance was observed due to thick suburban scattering. Furthermore, in [59] , the CDF analysis found that the Nakagami-m distribution fits the empirical data better compared with Rayleigh distribution. Both Nakagami-m and Weibull fading distributions can offer substantial flexibility to study the UAV fading channel characteristics in diverse environment. However, empirical studies have not yet been initiated for development of statistical channel model based [82] .
Doppler Spread and Delay Dispersion: UAV channels tend to posses higher Doppler spread than the conventional radio channel because the relative velocities of UAVs are higher. In [45] and [46] , delay spread resolution was in micro-seconds for suburban environment. Khawaja et al. [47] , excess delay and RMS delay spread were of the order of nano-seconds for a foliage environment. In this case, channel impulse response was obtained by Clean algorithm. However, frequency variance due to Doppler shift is not significant in [46] and [47] due to the low velocity of UAVs. In [48] , for the mountainous desert scenario, the median RMS delay spread and the Doppler frequency spread were roughly 0.06μs and 28.96 Hz, respectively. For the residential area, the measured median RMS delay spread and the Doppler frequency spread were approximately 0.03μs and 28.06 Hz. The RMS delay spread attained in the desert terrain was larger due to the rough mountainous scatters along the flight path than those in the residential area. In this case, RMS delay spread was modeled as log-normal distribution. However, these works lack the second order statistics, such as AFD, LCR and FD, for the spatial-temporal variations in the AG propagation channel.
Fading channel statistics for most low altitude AG propagation cases reported in the literature are analyzed with the Nakagami-m and Rician distributions. Weibull distribution is still unexplored. Also, estimation of the fading channel characteristics for the AA propagation with regards to altitude and surface scattering is an open research issue. Table IV provides the empirical fading distributions for small-scale variations with both manned aircrafts and UAVs. 
IV. ANALYTICAL CHANNEL MODELS
Analytical channel models are useful for characterizing the propagation behavior under certain assumptions and parameters. They can predict the performance of communication systems. For example, channel behavior of land mobile satellite systems can be analyzed using the multi-state Markov chain model [4] , [5] . Generally there are three main modeling approaches: deterministic, stochastic and geometry-based stochastic approach.
A. Deterministic
In deterministic models, environmental clutters are placed in certain layouts. This approach assumes large dimensions of the environmental objects in comparison with the wavelength, it does not compensate the diffuse scattering. The accuracy of these channel models depends on the environment-specific database which consists of the information related to the terrain topography, the electrical parameters of buildings and other obstruction materials. Deterministic models can be realized by the ray-tracing software, which can depict the realistic behavior of the EM wave propagation and simulate path loss and shadowing effects.
In [6] , 3D ray-tracing was performed to characterize the altitude-dependent attenuation in the AG propagation for the suburban environment. In [7] and [8] , analytical propagation models have been studied for the AG channel characterization in an urban environment for frequencies ranging from 200 MHz to 5 GHz and altitudes from 100 to 2000 m. In [7] , the path loss and shadowing statistics were examined as a function of elevation angle and the aerial altitude through 3D ray-tracing. The authors have provided analytical path loss expressions. Also, the shadowing was fitted with the log-normal distribution with the standard deviation dependent on the elevation angle. The work in [8] utilized knife-edge diffraction theory to model the LOS probability, which considered the statistical parameters to account for height, size and coverage area of buildings in the simulation.
In [9] - [11] , environmental topography was realized with the statistical parameters recommended by the International Telecommunication Union (ITU-R). In [9] , a generic path loss model for a low altitude platform was proposed, where the channel model parameters were estimated by 3D raytracing at 700 MHz, 2000 MHz and 5800 MHz. In this work, the AG channel conditions favoring LOS and non-LOS (NLOS) propagations were grouped distinctly and analyzed with the group occurrence probability as the conditional PDF. Simulation results demonstrated that the impact of elevation angle was significant on the excess path loss. In [10] , the closed-form expression was formulated for determining the coverage performance in terms of the maximum cell radius and the optimal altitude. In this study, the free space path loss model was extended using the excessive attenuation factor for different LOS and NLOS propagation conditions. This was extended in [11] to provide the analytical framework for optimization of the average radio coverage probability and the maximum transmission rate to achieve the required qualityof-service. However, in these works, propagation conditions depend upon the altitude and coverage radius of the UAV. As the altitude increases with respect to radius, the LOS probability tends to 1 for all ground positions. Therefore, such channel model can only be appropriate for the high-rise urban environment with an average building height of 60 m. In contrast, the channel model in [83] was recommended for the modern metropolitans with densely located skyscrapers. However, this model requires more environmental data, such as shape of buildings with surrounding geometry.
The path loss model in [10] addressed the technical challenges in UAV communication, such as optimum deployment of the UAV in [11] and [12] , outage and bit-error rate (BER) analysis in [84] , energy efficiency of UAV networks in [85] - [87] , interference management in multi-UAV scenario in [88] , latency in UAV-enabled cellular networks in [89] and UAV flight endurance time in [90] . Furthermore, this model complements the optimum deployment of UAVs to ensure maximum reliability in terms of the outage capacity and the BER using static and mobile aerial relays in [91] . It increases the number of users in cellular-assisted UAV network in [92] and UAV for data caching purpose in [93] . In these applications, UAV channel model incorporates both LOS and NLOS propagation conditions for a certain set of environmental parameters. Also, the appropriate placement of the UAV is of paramount importance.
These studies have suggested that deterministic UAV channel models account for the reciprocity ascertained in the propagation channel to the UAV placement and the propagation conditions in different environments. However, in [6] - [8] , channel models were confined to the urban and the suburban environments and did not capture generality for other environments. Channel models in [9] and [10] are applicable for environmental statistics based on ITU-R recommendations. These studies have characterized propagation channels for a static UAV and ignored the fading effects due to the small-scale variations. In contrast, studies in [45] , [47] , [57] , and [59] have empirically analyzed the variations in the received signal strength and provided large-scale and small-scale statistical properties of UAV channels. However, these works have largely overlooked the impact of environment on the propagation conditions and consequently the UAV coverage analysis. Furthermore, experimental work has not yet been conducted for UAV channel modeling in metropolitans with skyscrapers. In contrast, reference [83] provided the analytical approach and ray-tracing simulations for the AG propagation characteristics in metropolitan scenario emulated by the Manhattan grid. Therefore, more empirical and analytical studies are required to provide ubiquitous coverage using UAV networks in versatile environments and specifically for metropolitans, considering that UAVs have been envisaged as a potential candidate to support 5G mobile communication systems [94] . Some of the deterministic UAV channel models are reported in Table V .
B. Stochastic Channel Model
For UAV communication, stochastic channel models can be designed using the tapped delay line (TDL) system with different numbers of taps, each of which can accommodate fading statistics of the multipath components derived from the channel impulse response. In this case, fading statistics of individual taps can be analyzed empirically from measurements and numerically by computer simulation. However, the accuracy of these model depends on the estimation of stationary interval in the non-stationary UAV channel. In [13] - [15] , wideband stochastic channel models were proposed from the data collected in different environments, using the estimated stationary interval of 15 m at the C band. For over water settings in [13] , the AG channel employed the TDL model to characterize the two-ray propagation with an additional multipath component as the intermittent ray. In this work, the authors have argued that the statistics for LOS and reflected components can be analyzed either as the curved earth two-ray (CE2R) model or the flat earth two-ray (FE2R) model. The probability of the existence of the intermittent multipath component was estimated by the exponential distribution as a function of link distance. The TDL model with nine taps have been proposed for the mountainous terrain [14] and the suburban environment [15] .
In [95] and [96] , stochastic model was developed with the narrowband assumption to characterize the aeronautical AG channel. In [95] , the stochastic model was designed for characterizing the AG propagation in terms of transmission coefficients assuming that the quadrature components reflected from the ground surface can be modeled as a zero-mean Gaussian process. Also, Doppler spectrum analysis was performed for the diffuse multipath components. In [96] , the proposed model was developed with the TDL system having both LOS and NLOS taps, where the amplitude attenuation and the multipath delay of NLOS components were assumed to be Rayleigh distributed and Gaussian random process, respectively, while the phase shift was uniformly distributed. In addition, the Doppler frequency shift was characterized as a random process. However, channel stationarity interval was not computed and fading statistics were assumed to be constant for the random time duration.
Stochastic models provide useful analysis of the timevarying characteristics of the UAV channel. For instance, reference [97] proposed the TDL model to capture the smallscale characteristics of multipath components. Furthermore, the stochastic model accommodates multi-antenna system to boost the reliability of MIMO channel in terms of BER in [98] and capacity in [99] . In these works, the stochastic model only provides numerical analysis and lacks in validation by measurement results. On one hand, empirical data have been collected from the measurement campaigns in [45] , [47] , and [48] to study the impact of UAV flight dynamics and environment on the small-scale fading. However, these studies did not consolidate the fading statistics using the TDL model. Also, estimation of the stationary interval in the UAV channel was ignored in these works. On the other hand, [13] - [15] did estimate the stationary interval in stochastic TDL models for different operating environments. However, these campaigns were conducted using manned aircraft at high altitude. Therefore, the effective stochastic framework has to be developed for UAV channels in low altitude which also accommodates channel non-stationarity. In Table VI , we have presented the channel response from the TDL models reported in this paper.
C. Geometry-Based Stochastic Channel Model
Geometry-based stochastic modeling approach obtains the spatial-temporal channel characteristics with the stochastic output in a 3D geometric simulated environment. The accuracy of this model is dependent on the simulation of the virtual environment confined in some geometrical shapes, such as cylindrical or elliptical where communication nodes within scattering region follow a certain probability distribution. The geometric based channel model for the analysis and simulation of the AG radio communication was proposed in [16] . It characterized the multipath propagation in a cluttered environment around the ground station confined within a virtual 3D ellipsoidal geometry to analytically evaluate delay, gain, phase and angle of arrival (AOA) of individual multipath components. In addition, path loss model may be determined using the log-distance model between the airborne platform and the clutters. Therefore, the proposed model is equally applicable to determine both narrowband and wideband channel statistics and well suited for designing antenna diversity system and antenna arrays. This work was extended in [17] for theoretical estimation of the MIMO performance for the low altitude AG propagation and also characterized the propagation loss for LOS and multipath components using the log-distance path loss model with log-normal shadowing. In this model, the small-scale fading due to spatial variations was modeled by the Rician distribution to analyze the severity of the fading due to the scattering phenomenon. Furthermore, the probability of error was simulated for single-input single-output (SISO) system and compared with a 2 × 2 space-time block coding and a 2 × 2 spatial multiplexing gain using maximum likelihood detection. In [18] , a 3D AG propagation model was proposed for the dense scattering environment considering low altitude platform. The model was derived for a direction of arrival and the delay dependent Doppler spectrum with the approximation of linear distribution of the scattering point. In this work, the analytical results were compared with the simulation results by using the terrain based digital elevation model and found that the terrain morphology affects the Doppler-delay spread spectrum.
In [19] , a realistic 3D geometric-based stochastic model has been developed for the AG communication between an airborne platform and the base station as an elevated plane. The proposed model considered scattering points as uniformly distributed around the base station. In this study, the spatial characteristics were analyzed with the closed-form analytical expressions. In [20] , the geometric-based stochastic approach has been utilized for UAV channel modeling to analytically characterize a 2 × 2 MIMO enabled AG propagation in a 3D plane. In this case, the model was developed with the assumption that the ground scatters were distributed on the cylindrical surface and scatter free airborne environment. Based on the proposed model, analytical expressions were used to study the impact of the elevation angle and the direction of the UAV movement on the space-time correlation function in a non-isotropic environment. While deterministic and stochastic models can provide useful understanding of the propagation characteristics in the UAV communication, these models are usually not feasible with a large number of simulation parameters. Geometry-based stochastic channel model emerged as a preferable method to derive analytical expressions for the predominant performance metrics. The practicability of such model is to predict coverage and capacity performance. For instance, in [100] , extended coverage and enhanced capacity has been achieved by concurrency between a single UAV and device-to-device users distributed as a Poisson point process. Furthermore, downlink coverage analysis has been performed in [21] for the multiple UAVs modeled as a uniform binomial point process at the fixed altitude and a single ground user. Also, in [101] , the network planning approach has been developed based on the stochastic geometry. In these studies, ground users were spatially positioned with a uniform distribution. However, more realistic UAV channel model based on the stochastic geometry framework can accommodate non-uniform distribution for both UAVs and ground users and therefore, can be considered as the future research direction in this domain. Implications of the geometric-based stochastic approach is to model the channel non-stationarity, to get insights of the angular information for multipath components in scattering regions [16] , [19] , [20] , and for joint Doppler-delay spectrum [18] . However, these studies are largely simulation based. Therefore, the empirical framework has to be developed to characterize propagation with regard to spatial-temporal variations in the non-stationary UAV channels. Some analytical expressions to determine AOA using geometry-based model are given in Table VII . Finally, pros and cons of different UAV channel modeling approaches are enlisted in Table VIII. V. IMPORTANT ISSUES
A. Airframe Shadowing
In UAV communication, the radio path between aircraft and ground control station may be blocked by aircraft structure, such as wings, fuselage or engine. Also, during flight maneuvering or banking turns, the direct LOS path may be severed and thus, induce shadowing. In the case of small size UAVs, airframe shadowing may occur due to different types of UAVs, such as multi-rotors, sharp transitions in flight dynamics, aerodynamics due to structural design, type and placement of on-board antenna and material. In the context of UAV channel characterization, airframe shadowing is still unexplored, as most of the measurement campaigns pertinent to this phenomena are initiated with manned aircrafts in high altitude. Therefore, the characterization of airframe shadowing with multi-rotor UAVs in low altitude is an interesting topic. For manned aircrafts, in [26] , channel measurements were extracted for the communication link between aircraft and satellite. Characterization of the AG channel in the C band was performed in [27] . Reference [28] analyzed the CDF of the received signal power during the circular flight track. In [29] , airframe shadowing was reported due to wings and engine of the commercial A320 aircraft. Empirical airframe shadowing model was proposed in [30] .
B. Stationary Interval
One of the most important characteristics that distinguish UAV communication from the conventional communication is the non-stationarity in UAV channels, where the WSSUS assumption is violated. Therefore, wideband frequency-dispersive channel statistics are important within the stationary interval of the non-stationary UAV channel. No comprehensive study is available in the literature that addresses non-stationarity for the UAV propagation channel in low altitude platform. Therefore, estimation of the stationary interval is a contemporary research topic. Efforts to characterize the AG channel with stationarity interval were made in [71] . In this study, stationary interval was computed for the wideband measurements using temporal PDP (power delay profile) correlation coefficient method, whereas, spatial correlation collinearity was considered for the narrowband measurements. The estimated stationary interval from both of these methods were approximately 15 m or 250λ at the C band with the bandwidth of 50 MHz.
C. Diversity Gain
Diversity is beneficial to enhance the reliability of the communication systems, particularly when deep fades dominate. Terrestrial MIMO has been widely recognized to offer superior diversity gain and high spectral efficiency in rich multipath environment. However, its applicability in UAV communication is still restrained by several factors. First, the spatial multiplexing gain in the airborne MIMO is often hindered by the lack of scattering environment near UAVs, which could only provide minimal throughput improvement in comparison with the single antenna UAV systems. Second, it might be difficult for small size UAVs to accommodate multiple antennas or antenna array with large inter-element distance to improve spatial multiplexing gain. However, smaller carrier wavelength can make it feasible to mount small antenna array, but at the expense of higher path loss. Furthermore, power consumption by the multiple antenna system places major constraint to battery operated UAVs. Moreover, UAV-MIMO gain can be further curtailed due to difficulty in acquiring accurate channel state information for a highly time-variant AG channel. Despite these challenges, some studies have exploited MIMO technology in the airborne environment. For example, in [31] , a 4 × 4 MIMO enabled OFDM system was used to increase the average throughput by 2 times and the range extension by 1.6 times in comparison to a SISO system. In [32] , multiple helicopter mounted antennas were utilized to achieve the signal-to-noise (SNR) gain of approximately 13 dB. In [34] , the spatial multiplexing gain was achieved with a 2 × 2 MIMO configuration and consequently enhanced the throughput gain up to 8 times for most of the flight route. However, these studies are conducted with manned aircrafts in the high altitude platform. For UAV communications, there are very few measurement campaigns on the effect of multiple antenna systems. In [43] and [44] , the AG channel characterization was initiated with a 1 × 4 antenna configuration. In this work, carrier-to-noise ratio (CNR) gain was compared for the common combining strategies such as selection, equal-gain and maximal ratio combining (MRC). In [67] , the performance of multiple receiver and transmitter nodes was evaluated by the correlation coefficient. In this case, the packet delivery rate was boosted by 25% on average due to the poor correlation at the multiple receiver nodes in a 1 × 4 configuration and by 37% with the selection diversity using three transmitters in a 3 × 4 setup. Measurement of a 4 × 4 MIMO channel in [68] revealed that despite of the sparse multipath environment, poor spatial correlation provides the significant capacity gain due to the planar wavefronts generated by near-field reflections at the ground receiver side.
In these studies, multiple antenna systems were used to combat fading in multipath propagation and to attain higher throughput. To achieve these objectives, the value of correlation coefficient due to fading at antenna elements provides insights about the achievable MIMO gain. In this case, large performance improvement can be achieved with low correlation coefficient. However, available literature is scarce for empirical evaluation of the correlation coefficient. Therefore, more measurement campaigns are required to study UAV-MIMO systems from the channel characterization viewpoint.
VI. FUTURE RESEARCH CHALLENGES
UAV propagation channels have significant importance in optimizing the coverage, reliability and capacity performance of UAV communication. Despite of all these advancements, many research issues remain open. In this section, we will discuss some research challenges and potential opportunities for characterizing UAV channels for future measurement campaigns and the development of realistic UAV channel model.
A. UAV Measurement Campaigns
Measurement campaigns are beneficial for the formulation of effective UAV channel models, evaluating the performance of UAV communication systems and network planning. However, propagation aspects of UAV communication change regionally due to UAV environment. In the literature, most of the UAV campaigns are launched in urban, suburban and open fields with mostly clear LOS conditions, whereas, measurement efforts are still missing for the denseurban scenario, metropolitans with skyscrapers and over water bodies. Therefore, more extensive measurement campaigns are required. Moreover, the use of channel sounding equipment is important with regard to on-board space limitations, payload weight, bandwidth requirements and multipath resolution. To this end, channel characterization with USRP hardware, such as N-210 [46] , B-210 [48] , X-310 [102] , [103] and B-200 mini can provide flexible platform due to lighter weight, low power consumption, wideband frequencies and capable to test different wireless communication protocols, such as multi-carrier and MIMO system in UAV communication framework. Other possible choices for channel measurement hardware used by different researchers are P410 UWB radio [47] , autonomous mobile network scanner by Rohde & Schwarz [64] and 3G/4G enabled smart-phones [65] , [74] . In addition, the effects of antenna placement on UAVs and the gain from UAV-MIMO system for both the AA and AG propagation are not well studied. Furthermore, the choice of aerial altitude platforms and different types of UAVs are another important aspects for both the UAV applications and channel characterization. In this case, multi-rotor and fixed-wing UAVs may be preferred for static and mobile UAV applications, respectively. However, for both types, the impact of UAV space and take-off weight (UAV weight with payload) can put constraints on the flight endurance time. Therefore, heavy-duty UAVs are more desirable to carry enough wireless equipment, for instance, DJI S-1000 and Agras MG-1 can accommodate a payload of around 7 kg and 10 kg, respectively. Also, UAVs should generate enough thrust to combat the atmospheric turbulence which may be detrimental in some UAV applications demanding stability for critical and continuous connectivity.
B. UAV Propagation Channel Models
Communication in UAV networks takes place over AA and AG channels. In this case, the AA channel is intended for the inter-UAV communication for coordination and collaboration in UAV swarms, while the AG channel is used for relaying data between UAVs and ground station. Most of the UAV propagation models are proposed with the approximation of time-invariant channels when non-stationarity is ignored in the estimation of the small-scale statistics, this may lead to erroneous conclusions. Therefore, it would be interesting to analyze the UAV propagation channel with the estimation of the stationary interval using temporal PDP correlation coefficient [71] , correlation matrix distance [71] , spectral divergence [104] and evolutionary spectrum [105] methods. Furthermore, the channel non-stationarity can be modeled by the flexibility of the geometric-based stochastic approach by considering time-variant parameters. The research on multidimensional UAV channel modeling is still in its preliminary stages as most of the empirical models reported large-scale statistical properties of the UAV channel with regard to flight dynamics, altitude and communication distance. Furthermore, airframe shadowing by small size rotary UAVs has not received commensurate level of attention and more empirical studies are required to study this phenomenon for both the AG channel in the single-hop network and the AA propagation in the multi-hop network. In addition, ray-tracing can be used to probe the airframe shadowing, as CAD tools are capable of incorporating UAV shape, metallic properties and different maneuvering positions.
VII. CONCLUSION
This paper has provided a comprehensive survey of the UAV channel characterization with measurement campaigns and statistical channel models. We have categorized the UAV channel measurement campaigns in low altitude platform based on the narrowband or wideband channel sounder, low-cost and low-power channel sounding solution, and widely deployed ground infrastructure. We have also reviewed empirical models for AG and AA propagation channels. Then we have classified the UAV channel modeling approaches as deterministic, stochastic and geometric-stochastic models. Further, we have examined some challenging issues in the practicability of UAV communications related to airframe shadowing, channel non-stationarity, and diversity techniques. Finally we have presented some future research challenges which will be helpful to provide further insight of the UAV channel characterization for launching future measurement campaigns and proposing pragmatic framework for the effective UAV channel models.
